It has long been known that lasers can interact with relativistic electrons in magnetic undulators to imprint sinusoidal modulations that can be used to slice electrons into microbunches equally separated at the laser wavelength. Here we report on the first direct measurement of laser-induced microbunching of a relativistic electron beam with femtosecond resolution in the time domain. Using a modified zero-phasing technique to map the electron beam's temporal structures into the energy space, we show that this method can be used to directly quantify the time and spectral content of coherent current modulations imprinted on the beam for harmonic and multicolor lasing applications in accelerator-based light sources. DOI: 10.1103/PhysRevLett.113.184802 PACS numbers: 41.60.Cr, 29.27.Fh, 41.75.Ht Precision laser manipulation of the phase space of relativistic electron beams has become a standard technique to enhance the performance of various accelerator-based scientific facilities, and is of fundamental interest in accelerator physics (see, for example, [1] ). Typical methods first use lasers to modulate the beam energy and then use longitudinally dispersive chicanes to rearrange the beam longitudinal positions to precisely tailor the electron current distribution. The laser first interacts with the electron beam (e beam) in an undulator to produce a sinusoidal energy structure in the longitudinal phase space. The beam is then sent through a chicane, wherein electrons with lower energies travel longer distances than those with higher energies. With the proper chicane dispersive strength (characterized by the transport matrix element R 56 ) this leads to the formation of a density modulation (called microbunching) at the scale of the laser wavelength and its harmonics [1] .
Precision laser manipulation of the phase space of relativistic electron beams has become a standard technique to enhance the performance of various accelerator-based scientific facilities, and is of fundamental interest in accelerator physics (see, for example, [1] ). Typical methods first use lasers to modulate the beam energy and then use longitudinally dispersive chicanes to rearrange the beam longitudinal positions to precisely tailor the electron current distribution. The laser first interacts with the electron beam (e beam) in an undulator to produce a sinusoidal energy structure in the longitudinal phase space. The beam is then sent through a chicane, wherein electrons with lower energies travel longer distances than those with higher energies. With the proper chicane dispersive strength (characterized by the transport matrix element R 56 ) this leads to the formation of a density modulation (called microbunching) at the scale of the laser wavelength and its harmonics [1] .
The formation of these laser-induced microbunches is the fundamental basis for many applications in coherent light sources and advanced accelerator concepts. For instance, in laser-seeded free-electron lasers (FELs) [2] [3] [4] [5] [6] , the coherent density modulations at high harmonic frequencies stimulate amplification of coherent radiation at short wavelengths that can benefit many resonant scattering and spectroscopic techniques. Alternatively, the density-modulated beam may be used to amplify a coherent seed at shorter x-ray wavelengths to generate mode-locked multichromatic x rays [7] . Microbunches are also required in phase-stable cascaded laser accelerators [8] [9] [10] [11] , wherein the microbunches facilitate laser acceleration of high-quality beams with a small energy spread. Further, optical microbunching has been used to produce coherent radiation that can be used to recover otherwise hidden information on the e-beam distribution [12, 13] .
While the formation of optical microbunching with lasers has been thoroughly studied in theory, due to the limited temporal resolution of present e-beam diagnostics, experimental studies have been conducted primarily in the frequency domain by way of measurements of the radiation spectra produced by the e beam [5, 6, 14, 15] . Here we report the first direct measurement of laser-induced microbunching in the time domain with femtosecond (fs) resolution. These studies provide subtle information on time-frequency correlations not accessible before, and enable precision measurements (∼2 fs resolution) of the e-beam longitudinal phase space in the presence of a laser modulation. This allows comparison with predictive models of microbunching, as well as direct assessment of the laser-induced microbunching that is relevant to a wide array of emerging laser-based beam manipulation concepts.
The density distribution of an e beam with average energy E 0 that has been energy modulated by a laser with wave number k ¼ 2π=λ and then density bunched by a chicane with momentum compaction R 56 can be expanded into a Fourier series,
where N 0 is the number of electrons per unit length. The coefficient b n is the bunching factor for the harmonic n, given for a beam with a Gaussian energy spread as [2] ,
where J n is the Bessel function of order n, A ¼ ΔE=σ E is the energy modulation amplitude ΔE normalized to the beam slice energy spread σ E , and B ¼ R 56 kσ E =E 0 is the dimensionless momentum compaction.
To visualize optical microbunches in the time domain, we used the modified zero-phasing method [16, 17] that overcomes the temporal resolution limitation arising from the beam's energy spread [18] . The layout of the experiment is shown in Fig. 1 . Because we are interested in measuring the time-dependent density modulations imprinted on the beam at the exit of the chicane, we take (z 0 , δ 0 ) to be the initial coordinates of a particle at the chicane exit, where z 0 and δ 0 ¼ ðE − E 0 Þ=E 0 are the relative longitudinal position and energy with respect to a reference particle. The final energy of a particle after it passes through a subsequent chicane with momentum compaction R Ã 56 and then a radio-frequency (rf) cavity at the zero-crossing phase can be written as
where h ¼ AEð2πqV=λ rf E 0 Þ is the chirp induced by the rf cavity with wavelength λ rf and energy gain qV (þ or − depends on whether the beam is at 0 or the π phase, respectively). Equation (3) indicates that by properly choosing the momentum compaction of the second chicane to match the chirp induced by the rf cavity, one can zero 1 þ hR Ã 56 such that the particle's initial longitudinal position is exactly mapped to its final energy distribution, i.e., δ 1 ¼ hz 0 . This complete rotation into the energy plane enables direct measurement of temporal structures at scales defined only by the energy chirp and the energy resolution of the measurement. By eliminating the dependence of the particle's final energy on its initial energy, the temporal resolution of this modified zero-phasing method is significantly enhanced.
In our experiment at SLAC's Next Linear Collider Test Accelerator (NLCTA) [19, 20] , the e beam is produced in an S-band (2.856 GHz) photocathode rf gun and accelerated to 120 MeV with X-band (11.424 GHz) linac structures (not shown in Fig. 1 ). The 120 MeV beam is then modulated by a 2.4 μm laser [produced with an optical parametric amplifier (OPA)] pumped with an 800 nm laser with bandwidth ∼2 nm [21] in the magnetic undulator. The undulator has 10 periods with a period length of 5.5 cm and strength K ¼ 2.76. The e beam is then density bunched by the chicane with R 56 ¼ 4.3 mm. The density modulated beam is then sent through another X-band rf cavity with energy amplitude qV ¼ 45 MeV at either the zero or π crossing phase to generate the large energy chirp h. Finally, the beam energy distribution is measured with a high resolution spectrometer with a horizontal dispersion of 1.5 m, corresponding to a relative energy resolution of about 6 × 10 −5 . The induced cavity chirp in our experiment is h¼AE90m −1 , which gives a temporal resolution of approximately 2 fs as set by the energy resolution at the screen.
It should be noted that Fig. 1 indicates the presence of a virtual chicane with strength R Ã 56 (matching the chirp imprinted by the rf cavity) that does not physically exist in our experiment. Similar to the situation described in [22] , the effect of this virtual chicane is to zero the 1 þ hR Ã 56 term in Eq. (3). In this way, the measured beam energy distribution at the screen is interpreted as the density distribution of the beam after it passes through an effective dispersion of R eff 56 ¼ R 56 − R Ã 56 . To illustrate, if our physical chicane were set to R 56 ¼ −1=h ¼ R Ã 56 , for example, then the measured energy distribution would be that of the temporal distribution at the exit of the undulator, i.e., a beam with no density modulation. Thus, the temporal distribution at the screen corresponds to that of a beam that has experienced an effective dispersion of R eff 56 ¼ R 56 þ 1=h, which enables measurement of the timedependent bunching structure in the projected energy space over a large range of dispersion strengths by changing h, thereby including both negative and large values beyond those of the physical R 56 in our chicane.
Equation (2) indicates that by properly choosing the energy modulation amplitude and chicane's dispersive strength, one can selectively optimize (by maximizing J n ) or eliminate (zeroing J n ) bunching at the laser wavelength and its harmonics. For example, Fig. 2(a) shows the Fig. 2(b) shows the beam phase space when A is increased to suppress b 1 (A ≈ 9, B ≈ 0.4). The density distribution and corresponding bunching factors for these two cases are shown in Figs. 2(c) and 2(d), respectively [blue for Fig. 2(a) and red for Fig. 2(b) ]. Confirmation of this prediction previously required measurement of the radiation spectra over a wide frequency range for comparison with Fig. 2(d) , which can be challenging experimentally. With this setup, we are able to directly resolve the subwavelength structure in the time domain for comparison with Fig. 2(c) .
Shown in Fig. 3(a) , the density modulation generated by the laser and dispersion is revealed by the periodic structure in the measured energy space. Here, the beam is given a positive chirp h ¼ 90 m −1 in the cavity at the 0 phase crossing, corresponding to an effective dispersion of R eff 56 ≈ 15.4 mm. Because of the finite length of the laser, the bunching factor is seen to be time dependent, which may be estimated with Eq. (2) by replacing A with AðzÞ ¼ Ae −z 2 =4σ 2 z to take into account the variation of the energy modulation along the bunch, where σ z is the effective rms laser modulation pulse width. With the peak energy modulation amplitude set to optimize the density modulation at the center, the decreased energy modulations at the head and tail of the laser lead to decreased bunching outside, as can be seen from the envelope of the current modulation [ Fig. 3(b) ]. Using the known laser wavelength as a ruler, we see then that this technique enables a direct measurement of the temporal bunching profile imprinted by the laser. Further, the temporally resolved bunching spectrum also reveals the spectral phase of the modulation, which is relevant to many harmonic lasing applications [23, 24] .
A Fourier transform of the measured bunching distribution [ Fig. 3(a) ] yields a single spectral line [ Fig. 4(a) ] at the fundamental wavelength, yet with a bandwidth much larger than the transform limit. This spectral broadening arises from the beam's considerable quadratic energy chirp from the upstream X-band linac accelerating structures, which produce a cosine-like distribution in the longitudinal phase space. As a consequence, bunching produced by the electrons in the bunch head (with a negative initial chirp corresponding to compression after the chicane) is blueshifted, while that produced by the electrons in the bunch tail (with a positive chirp corresponding to decompression) is redshifted. As a result, the spectrum of the bunching is much larger than that of a flat energy distribution [21, 25] . This time-dependent frequency shift can be seen from the Wigner distribution, as shown in Fig. 4(c) .
While this nonlinear energy chirp leads to a broadening of the spectrum, it may be used to produce two-color x-rays in FELs [26, 27] . The idea is rather straightforward. By increasing the peak energy modulation amplitude, the electrons in the center of the laser pulse are overbunched while those at the head and tail are optimally bunched. This time-dependent bunching, together with the quadratic energy chirp, leads to a dip in the center of the spectrum and peaks at longer and shorter wavelengths. This effect is observed experimentally in Figs. 3(c) and 3(d) , where an increased laser modulation produces a clear density modulation at two separated regions. The corresponding spectrum shows two well-separated spectral lines, as can be seen in Fig. 4(b) . The bunching is also separated in time, as can be seen from the central hole of the Wigner distribution in Fig. 4(d) .
With the current experimental setup, the energy modulation that maximizes high harmonic bunching is about 4 keV. Simulations with realistic beam parameters indicate that the beam slice energy spread should be below 1 keV. This suggests that significant high harmonic bunching at n ¼ 2 and n ¼ 3 should be produced in our experiment.
FIG. 3 (color online)
. Measured optical microbunches equally separated at 2.4 μm (a) and the corresponding current distribution (b) for optimal laser energy modulation; optical microbunches produced at two separated regions (c) and the corresponding current distribution (d) with an increased laser energy modulation amplitude which overbunches the beam that interacts with the center of the laser; optical microbunches measured with improved temporal resolution with optimal energy modulation (e) and significantly larger energy modulation (f) and the corresponding Fourier transform (g). Because the beam is longer than the laser, only the part of the beam that interacts with the laser is shown in (a) and (c); in (e) and (f) only the part of the beams that experience almost constant modulation are shown.
However, as shown in Fig. 4(a) , only a small signal slightly above the noise level was observed at the second harmonic. This is likely due to the limited energy resolution of the measurement. In a separate experiment, the quadrupoles upstream of the energy spectrometer were adjusted to further reduce the horizontal beta function to improve the energy resolution, at the cost of an increased vertical beta function that reduces the beam density at the measurement screen. With the quadrupole strength finely adjusted, the measured optical microbunches with highest contrast are shown in Fig. 3(e) . The apparent curvature of the microbunches is probably caused by the nonlinear effect from the strong focusing of the quadrupoles. The Fourier transform of this distribution yields considerable bunching at the second and third harmonic, as shown in Fig. 3(g) with the blue curve.
The fact that the third harmonic bunching at 800 nm is observed suggests that the resolution of the measurement is better than 3 fs. This fine temporal resolution provides access to studies of more subtle coherent phase space features. For instance, when the energy modulation amplitude is significantly increased, the individual microbunch splits into two, as can be seen in Fig. 3(f) . A Fourier transform of this distribution is shown in Fig. 3(g) by the red curve where one can clearly see that the bunching at the fundamental wavelength is completely suppressed, in good agreement with the simulations shown in Fig. 2 .
In addition to direct visualization of density modulations, the effect of longitudinal phase space structures can also be observed from the imprint they leave on the bunching through transport. Linear initial energy-time chirps (before the undulator) generated by running the entire beam away from the rf accelerating crest by the phase ϕ rf translate to changes in longitudinal lengths through the chicane by the factor C ≈ 1 − 2πR eff 56 sin ϕ rf =λ rf , as measured on the energy screen. Accordingly, the density modulation will also be either compressed or decompressed according to any initial linear phase space chirp, and will appear as a secular shift in the density bunching periodicity in the energy projection (i.e., a linear chirp leads to a net shift in bunching wavelength). Analogously, a quadratic chirp in the e-beam phase space leads to a linear timefrequency dependence in the observed bunching (i.e., a quadratic chirp leads to broadening of the spectrum), as seen by the slope in Figs. 4(c) and 4(d) . This measurement technique therefore permits direct measure of the induced time-dependent bunching spectrum both generated by the laser and modified by the dispersive transport.
To examine these effects, we measured the timedependent bunching spectrum for several values of initial beam chirps prior to the undulator. These are shown in the spectrograms in Fig. 5 in terms of the different accelerating rf phases ϕ rf where ϕ rf > 0 corresponds to running the beam forward of crest (i.e., the bunch head has lower energy than the bunch tail). The values of h and R 56 are identical for each image, with h < 0 running at the π phase in the cavity (note, here the effective momentum compaction is −6.8 mm). Because of the dependence of C on R eff 56 and the initial energy chirp, one expects that the observed wavelengths in the energy space λ 1 ¼ λC are lengthened for small ϕ rf > 0 and shortened for ϕ rf < 0. This trend is borne out experimentally in Fig. 5 , where the observed bunching wavelengths are steadily reduced for increasingly negative values of ϕ rf , in agreement with expectations. It should be pointed out that the bunching bandwidth in Fig. 5 is about a factor of 2 narrower than that in Fig. 4 . This is because the effective momentum compaction is about a factor of 2 smaller in magnitude, therefore mitigating the initial quadratic energy chirp induced spectrum broadening.
FIG. 4 (color online).
Fourier transform of the current distributions in Fig. 3(a) (a) and Fig. 3(c) (b) , and the corresponding Wigner functions of Fig. 3 In summary, we have presented the first direct measurement of laser-induced optical microbunches in the time domain. The femtosecond temporal resolution provides unparalleled precision in examining the subtle time and spectral content of coherent current modulations and allows comparison and confirmation of predictive models and scaling laws in precision laser manipulations. 
